ABSTRACT Aims/Introduction: Epigenetics participate in the pathogenesis of metabolic memory, a situation in which hyperglycemia exerts prolonged deleterious effects even after its normalization. We tested the hypothesis that genetic variants in an epigenetic gene could predispose to diabetes complications.
INTRODUCTION
Epigenetic changes participate in the pathogenesis of diabetes complications; periods of hyperglycemia cause permanent abnormalities, such as aberrant gene expression, in target tissues of complications. This phenomenon is called metabolic memory and explains why hyperglycemia exerts persistent deleterious effects even after its normalization 1 . Deoxyribonucleic acid methyltransferases (DNMTs) add a methyl group at cytosine residues located in CpG islands from the promoter regions of genes, resulting in gene silencing 2 . Our literature search did not reveal studies evaluating the association between diabetes complications and DNMT polymorphisms.
To investigate the participation of "genetics of epigenetics" in diabetes complications, we evaluated the association between DNMT1 single-nucleotide polymorphisms (SNPs) and diabetic kidney disease (DKD), retinopathy (DR), distal polyneuropathy and cardiovascular autonomic neuropathy (CAN). The minor allele of one of the evaluated SNPs (rs11085721) conferred risk for CAN in women, suggesting that genetic variants in epigenetic genes participate in the susceptibility to this complication.
METHODS

Participants
A total of 359 individuals with type 1 diabetes were recruited from two university hospitals. Type 1 diabetes was diagnosed in the presence of hyperglycemia, undetectable C-peptide or ketoacidosis and positive autoantibodies (glutamic acid decarboxylase, islet cell antibodies or tyrosine phosphatase-like insulinoma antigen 2). All participants were under permanent insulin treatment initiated at diagnosis or within 6 months of diagnosis. Inclusion criteria were type 1 diabetes duration ≥10 years and glycated hemoglobin >8% in any period of life. Exclusion criteria were hypocortisolism and use of medications interfering with heart rate. The study was carried out in compliance with the Declaration of Helsinki, in accordance with institutional ethics committees.
After signing informed consent, participants were evaluated for clinical and biochemical characteristics, and for the status of DKD, DR, polyneuropathy and CAN, as previously described 3 . Briefly, DKD was diagnosed in the presence of macroalbuminuria (albumin : creatinine ratio >300 mg/g) and/or reduced estimated glomerular filtration rate (<60 . CAN was diagnosed based on Ewing tests, spectral analysis of the heart rate variability and systolic blood pressure after 3 min standing. Seven variables were evaluated: (i) spectral power in the low frequency band; (ii) spectral power in the high-frequency band; (iii) spectral power in the very low-frequency band; (iv) maximum/minimum 30:15 ratio; (v) expiration : inspiration ratio; (vi) Valsalva ratio; and (vii) postural change in systolic blood pressure. Diagnosis of CAN was made in the presence of three or more abnormal tests 7 .
Genotype Analysis Deoxyribonucleic acid extraction from peripheral blood leukocytes was carried out by a salting-out procedure 8 . To cover most of the genetic variability across the extended region of nlm.nih.gov), using a pair-wise approach, a r 2 ≥ 0.9 and a minor allele frequency of >0.05: rs8112895, rs7254567, rs11085721, rs17291414 and rs10854076. Based on Haploreg (https://pubs.broadinstitute.org/mammals/haploreg/haploreg. php), rs8112895 and rs10854076 are intronic SNPs, whereas the remaining are non-intronic SNPs: rs7254567 and rs11085721 are located 12 kb 5 0 of DNMT1, and rs17291414 is located 11 kb 5 0 of DNMT1. SNPs were genotyped by real-time polymerase chain reaction (StepOne Plus; Applied Biosystems, Foster City, CA, USA), using predesigned Human TaqMan Genotyping Assays 40X: C__29287779_10 (rs8112895), C__34042774_10 (rs17291414), C__31764973_10 (rs11085721), C__26941571_10 (rs7254567) and C___1142308_10 (rs10854076; Thermo Fisher Scientific, Waltham, MA, USA). The genotyping success rate was~99% for all SNPs, and SNP/sample call rates were >99%.The HardyWeinberg equilibrium was tested for all SNPs, and the only one with a P-value <0.05 was rs8112895, which was not considered in the association analysis.
Statistical Analysis
Differences between groups were assessed by Pearson's v 2 -test and Wilcoxon/Mann-Whitney tests (nominal and continuous variables, respectively). The associations of the genotypes (co-dominant model) with complications were assessed by logistic regression analyses to compute odds ratios and 95% confidence intervals. Adjustments for confounding variables were carried out by including them as covariates in the regressive model. Interaction between genotype and sex was evaluated by including a "crossed" compound covariate (sex/genotype) in the regression models. The stratification by sex was then carried out by nesting the genotype variable within the sex variable in the analysis model. This results in the computation of statistical effects for men and women separately. Correction for multiple comparisons due to multiple SNP testing took into account the effective number of independent tests (Meff) based on the degree of linkage disequilibrium between SNPs, and P < 0.01 was considered significant 9 . The power to detect associations with CAN was 84% for rs11085721 in the female population. Statistics were carried out with the JMP software (SAS Institute, Cary, NC, USA).
RESULTS
The characteristics of the individuals with type 1 diabetes (overall and sorted according to status of CAN, the only complication associated with one of the evaluated SNPs) are shown in Table 1 . A total of 121 out of 359 participants (33.7%) had the clinical form of CAN (≥3 altered tests). Individuals with CAN, when compared with individuals without CAN, presented a higher prevalence of hypertension, higher triglyceride and glycated hemoglobin concentrations, and lower estimated glomerular filtration rate. DKD, DR, polyneuropathy, and use of angiotensin-converting enzyme inhibitors and of statins were more frequent in the group presenting CAN.
None of the studied SNPs was significantly associated with the presence of the evaluated chronic complications in the overall population (data shown for CAN in Table 2 , data for DKD, DR and distal polyneuropathy are available as Supporting Information in Tables S1, S2 and S3, respectively). SNP rs11085721 showed a significant interaction with sex (P = 0.005). After sex stratification, the minor allele C of this SNP conferred risk for CAN in women with type 1 diabetes after adjustment for glycated hemoglobin, triglycerides, estimated glomerular filtration rate, the presence of hypertension and use of medicines (angiotensin-converting enzyme inhibitors and statin; odds ratio 2.32, 95% confidence interval 1.26-4.33; P = 0.006; Table 3 ). Odds ratio (OR) for the minor allele determined in logistic regression in a co-dominant model analysis adjusted for glycated hemoglobin, triglyceride concentrations, estimated glomerular filtration rate, the presence of hypertension and use of medicines (angiotensin-converting enzyme inhibitors and statins). P ≤ 0.01 is considered significant. CAN, cardiovascular autonomic neuropathy; CI, confidence interval; MAF, minor allele frequency; SNP, single-nucleotide polymorphism.
DISCUSSION
This is one of the rare studies showing the association of a SNP in a gene involved in epigenetic modification with diabetes complication. The presence of the minor allele C of rs11085721 in DNMT1 conferred risk for CAN in women with type 1 diabetes. CAN is one of the least recognized diabetes complications, even though it can have serious consequences; it affects the autonomic nerves that innervate heart and blood vessels, causing sympathovagal imbalance, heart rate deregulation and cardiac impairment. CAN is also an independent predictor factor for cardiovascular mortality and progression of DKD 10 . As for other diabetes complications, poor glycemic control is the most important risk factor for CAN development and progression. After 14 years of follow up of the Diabetes Control and Complications Trial cohort in the Epidemiology of Diabetes Interventions and Complications study, a higher incidence of CAN was observed in the group exposed to suboptimal metabolic control (conventional therapy during the Diabetes Control and Complications Trial), showing the persistent deleterious effects of hyperglycemia. This finding supports the impact of metabolic memory on CAN development, which was not as evident for distal polyneuropathy 11, 12 . The fact that heterozygous mutations in DNMT1 are associated with hereditary sensory autonomic neuropathy 13 provides plausibility to our finding. However, it is interesting that rs11085721 conferred susceptibility for CAN, but not for peripheral neuropathy. This SNP has previously been associated with increased susceptibility to acute lymphoblastic leukemia 14 and to an increased risk of attempted suicide only in women 15 , but there are no functional studies reported for it. Thus, it is not possible to know whether rs11085721 confers susceptibility to CAN or if it is in linkage disequilibrium with the susceptibility SNP.
We do not have an explanation for the sex-specific association, but sexual dimorphism is reported in several pathological conditions and might result from sex hormone-induced differences in the epigenetic status of key genes 16 . It is worth mentioning that animal studies have shown greater DNMT1 activity in males than in females 17 . Despite the ethnic admixture that characterizes the Brazilian population, the minor allele frequency observed in this series (0.1765) is similar to that reported in the National Center for Biotechnology Information Single Nucleotide Polymorphism Database for Caucasian populations (0.144-0.166), which decreases the probability of the observed result being a false positive association. However, the present finding must be interpreted in the context of limitations of cross-sectional studies. If confirmed in larger and independent samples, it suggests that genetic variants in epigenetic genes might predispose to more or fewer epigenetic changes in the face of similar metabolic derangements triggered by hyperglycemia, constituting the "genetics of epigenetics" for microvascular diabetes complications. 
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